The effects of Ta on microstructure and mechanical property of Ti-Zr-Cu-Pd-Ta alloys without toxic element were investigated in this paper. The results revealed that with increasing Ta content, the glass-forming ability of examined alloys decreased. Nano-crystalline composites were obtained with 1% and 3% Ta addition. Higher strength and distinct plastic deformation comparing with Ti-Zr-Cu-Pd base alloy were achieved in 1% Ta-containing alloys due to the nano-particles existing in the glassy matrix which inhibit the deformation of shear bands. Dendrite enriched with Ta was also observed in the 5% Ta-containing alloy by SEM. No plastic deformation was observed for 3% and 5% Tacontaining alloys with the high volume fractions of crystallization over 50%.
Introduction
Bulk metallic glasses have been rapidly developed for the past decades due to unique properties comparing with crystalline alloys, such as high strength, high elastic limit, low Young's modulus and excellent corrosion resistance. However, a big disadvantage of bulk metallic glasses is the inhomogeneous deformation, resulting in a very limited plastic strain at room temperature. That is, bulk metallic glasses exhibit very low ductility and failure unpredictably, limiting the application of bulk metallic glasses. In order to improve the ductility of bulk metallic glasses, so-called bulk metallic glass matrix composites reinforced by ex-situ or insitu techniques were developed. 1, 2) The ex-situ technique is charactered by the introduction of extraneous fibres or particles into bulk metallic glasses before casting process. 1, 3) In-situ formed composites can be synthesized trough annealing of metallic glass precursors, [4] [5] [6] [7] and slightly adjusting composition 2, 8) or cooling rate of the cast glasses 9, 10) to produce a metallic glass matrix with dispersed crystalline phases. The bulk metallic glass composites show significantly improved plastic deformation comparing with the monolithic glass. By studying the effect of cooling rate on the microstructures and volume fraction of primary crystallizing phase, as well as its mechanical properties of Cu-Zr-Al alloys, Jiang et al. 10) found that the 4-mm-thick Cu 46 Zr 47 Al 7 BMG composite containing martensite phase yields at 1733 MPa and finally fails at 1964 MPa with a plastic strain of 3.7%. Although the dispersion of particles are often beneficial to the improvement of ductility, an appropriate volume fraction of the crystalline phases still plays an important role in simultaneous achievement of good ductility and high strength. 10) In addition, Ti-based bulk metallic glasses are high promising biomaterials due to high corrosion resistance and good biocompatibility. But most of Ti-based bulk metallic glassy alloys with high glass-forming ability contain some toxic elements of Ni and/or Be, 11, 12) which cause an allergy, cancer or other diseases, resulting in limitation of applications of Ti-based bulk metallic glasses to biomedical fields. Recently, new Ti-based bulk metallic glass composite without toxic elements has been synthesized in Ti-Zr-CuPd alloy system, which exhibit high corrosion resistance and good combination of strength and ductility, 13) implying a high potential as biomaterials. However, little is known about Ti-based bulk metallic glass composites without toxic elements. Moreover, Ta is believed to be a more effective element to increase corrosion resistance and biocompatibility of metal materials. In this study, the influences of additional element Ta on the microstructure and mechanical property of the Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass have been investigated.
Experimental Procedure
The alloys with nominal composition of (Ti 40 Zr 10 Cu 36 Pd 14 ) 100Àx Ta x (x ¼ 1, 3 and 5, atomic percent) were prepared by arc melting the mixture of pure metals (> 99:9 mass%) in an argon atmosphere. The first step in producing the alloys is to make a Ti-Ta intermediate ingot.
Then arc melting the Ti-Ta intermediate ingot with Cu, Pd and Zr The bulk sample with a diameter of 2 mm was prepared by injection casting into copper mold. The structure of as-prepared alloys was examined by X-ray diffraction (XRD, Rigaku) with Cu K radiation, scanning electron microscopy (SEM, Hitachi S-4800) and high resolution transmission electron microscopy (HREM, JEOL 2010). Thermal stability was characterized by differential scanning calorimetry (DSC,TA) under an argon atmosphere with a heating rate of 0.67 K/s.
The mechanical testing was performed by compression at a strain rate of 5 Â 10 À4 s À1 at room temperature. The test sample was 2 mm in diameter and 4 mm in length, and the ends were polished carefully to ensure parallelism. At least three specimens for each condition were tested to get a statistical result. The morphologies of fracture surface and lateral surface were examined by SEM.
Results and Discussion
XRD analysis indicates that the as-spun ribbons of the Ti 40 Zr 10 Cu 36 Pd 14 (base alloy) and the alloys with different contents of Ta from 1% to 5% are in a glassy state. The XRD patterns of the as-cast samples with a diameter of 2 mm are different from those of as-spun ribbons, as shown in Fig. 1 . The base alloy and the 1% Ta-containing alloy show one halo peak without any detectable sharp diffraction peaks, meaning consisting mainly of a glassy state. Some weak diffraction peaks appear which are superimposed over the glassy halo peak in the pattern of the 3% Ta-containing alloy, which are identified as a tetragonal Ti 3 Cu 4 phase. The low intensity peaks of the precipitates that indicate the alloy is partially crystallized and nano-crystalline particles are dispersed in the glassy matrix. With a further increase of Ta content to 5%, besides the peaks of Ti 3 Cu 4 phase, more crystalline peaks identified as Ta are also detected. The diffraction peaks of Ti 3 Cu 4 phase are more pronounced as compared with the 3% Ta-containing alloy. Figure 2 shows DSC curves of the as-spun ribbons and ascast rods with different Ta contents at a heating rate of 0.67 K/s. It can be seen that all the ribbons exhibit a distinct glass transition and a large supercooled liquid region followed by two crystallization processes, which is corresponding to the precipitations of Ti 3 Cu 4 and Ti-Pd phases, 13) respectively. At the same time, both T g and T x increase with increasing Ta content. On the other hand, it is obvious that the crystallization enthalpy of the as-cast rods is different from that of the ribbons. The volume fraction of crystalline phases can be calculated by comparing the exothermic enthalpy of the as-cast rod with that of the as-spun ribbon 14) by formulary named as V crst ¼ ðÁH ribbon À ÁH bulk Þ= ÁH ribbon . Here it is assumed that the ribbons are 100% glassy state. For the 1%, 3% and 5% Ta-containing as-cast rods, the crystallization fractions are 5%, 50% and 65%, respectively, indicating that the glass-forming ability decreases with increasing Ta content. All the Ta-containing alloy rods are not in a totally glassy state, hinting that the cooling rate is not high enough to form a fully homogeneous glassy state for these several alloys.
The microstructure of the as-cast alloy rods was also investigated by SEM. The base alloy and the 1% Ta and 3% Ta-containing alloys display a featureless contrast, and no any visible crystalline phases are observed. Figure 3 shows SEM image of the cross-sections for the as-cast 5% Ta alloy rods of 2 mm in diameter. Consistent with XRD results in Fig. 1 , a few Ti 3 Cu 4 particles with a size smaller than 5 mm are randomly distributed in glassy matrix. Apart from Ti 3 Cu 4 dark phase, some white dendrites with a size of 10-30 mm are also dispersed throughout the matrix. EDS analysis reveals that the white phase Ta-rich solid phase containing Ti, 15, 16) as shown inset of Fig. 3 . It is noted to be pointed out that the shape of the precipitated phase is different from those which were observed in Cu-Zr-Ti-Ta 15) and Zr-Ni-Cu-Ta 16) systems. They were oblong in shape and do not appear to posses a dendritic structure.
Compressive stress-strain curves of the as-cast alloy rods at a strain rate of 5 Â 10 À4 s À1 are presented in Fig. 4 . The corresponding fracture surface morphologies after compression testing are shown in Fig. 5 . It is obvious that, in the stress-strain curves, the base alloy is mainly subjected to elastic deformation before fracture. While for the 1% Tacontaining alloy, higher strength and distinct plastic strain of about 5% corresponding to serrated flow sections are obtained. Here the serrated deformation is associated with the propagation of narrow shear bands. And the fracture surface shows a typical vein pattern originating from the deformation of narrow shear band. Both the base alloy and the 1% Tacontaining alloys fracture along the maximum shear stress Effects of Ta on Microstructure and Mechanical Property of Ti-Zr-Cu-Pd-Ta Alloysplane ( Fig. 5(a) ). It is reported that the mechanical strength and ductility of the bulk glassy alloy can be significantly improved by the formation of the nanostructures as compared with the corresponding glassy single phase alloys in Zr-AlCu-Pd 6) and Zr-Ti-Ni-Cu-Al 17) alloys. The authors 13) also found that both the mechanical strength and ductility of the Ti-Zr-Cu-Pd bulk glassy alloy can be significantly enhanced by the formation of the nanostructures after appropriate annealing treatment, leading to the dispersion of the nanoparticles which may act as inhibitor against shear deformation of the glassy matrix. Furthermore, formation of an inhomogeneous structure with features such as short-range or medium range ordering clusters in glassy matrix was also considered to be in favor of enhancing plasticity of bulk metallic glasses. 18, 19) With further increasing the content of Ta to 3 and 5%, no plastic deformation is obtained. Here it is proposed that the distinct plastic strain of the 1% Tacontaining alloy originates from the obstacle of nanoparticles in glassy matrix. When the nano-particles are much smaller than the shear bands and embedded in glassy matrix, the deformation of the shear band is dominated by the glass matrix, and the nano-particles will inhibit the deformation of the shear bands. The compressive fracture of the 3% Tacontaining alloy does not occur along the maximum shear stress plane and its fracture mode changes into a perpendicular type. The fracture morphology shows partly brittle character and partly shear-like pattern as shown in Fig. 5(b) . Moreover, the 5% Ta-containing alloy broke into three or five pieces (Fig. 5(c) ), and the fracture surface has a totally brittle fracture type as shown in Fig. 5(c) . Accordingly a number of porosities can be observed all over the fracture surface. Xing et al. 7) found that the crystalline fraction of 40%-45% leaded to the change in the fracture surface from ductile to brittle type and porosity played an important role in multiple cracking of annealed alloys. 20) On the side surface, a few straight and separated shear bands are observed near the fracture in the base alloy (Fig. 6(a) ). In the case of the 1% Tacontaining alloy, the shear bands increase significantly and some of them are interdicted, as shown in Fig. 6(b) .
In order to confirm the detailed microstructure of the 1% and 3% Ta-containing as-cast rods, TEM and HREM were also carried out. Figure 7 (a) shows the HREM and bright TEM images as well as the corresponding selected area diffraction patterns (SAED) of the 1% and 3% Ta-containing alloys. The HREM image of the 1% Ta-containing rod shows that some nano-particles with a size smaller than 5 nm disperse in glassy matrix in Fig. 7(a) . With 3% Ta addition, nano-particles are much larger (Fig. 7(b) ). The selected area diffraction pattern is composed of several ring patterns superimposed on a diffuse halo patterns, implying a mixture of nano-particles and glassy matrix. Combining with the results of XRD, it is concluded that the nano-particles are Ti 3 Cu 4 phase.
From the above mentioned results, there is a strong dependency of GFA on the adjustment of components, even 1% Ta difference would significantly change the GFA of the examined alloys. Consequently, the addition of various contents of Ta influences the microstructure and mechanical property of Ti-Zr-Cu-Pd-Ta alloys. In addition to annealing treatment method, primary crystallization by controlling cooling rate and adjusting minor composition is another convenient method to prepare glassy composites. Primary crystallizing phases with different microstructures and volume fractions could be obtained under different cooling rates, forming some composites with different mechanical properties in Cu-Zr-Al ternary system. 10) In-situ precipitation of ductile micrometer particles or dendrites 16, [21] [22] [23] [24] has been produced by addition of high melting point elements Ta, Nb or Mo. Zr-Cu-Al alloys have a better combination of strength and ductility due to in situ precipitation of CuZr phase.
10) The formation of glasses and glassy composites by competitive growth principle has been studied in ternary eutectic systems.
24) The formation of two types of glass-matrix composites, i.e., single-phase dendrites plus a glass, and single-phase dendrites plus a two-phase eutectic plus a glass, has been predicted as a result of the incomplete suppression of growth of the primary and/or secondary competing structures.
Nano-particles with size smaller than 5 nm were obtained in 1% Ta-containing alloy. When the nano-particles are much smaller than the shear bands and the nano-particles are dispersed in glassy matrix, 20) the deformation of the shear band is dominated by the glassy matrix, and the nanoparticles will inhibit the deformation of the shear bands. Inoue et al. 6) classified the mechanism for high strength and good ductility of the bulk nano-crystalline alloys into two types by the nano-particles and remaining glassy matrix. The nano-particles with perfect crystal structure may act as inhibitor against shear deformation of the glassy matrix. In addition, the nano-particle/glassy matrix interface has a highly dense packed atomic configuration due to low interface energy. Furthermore, the localized deformation mode of the glassy matrix enhances the deformability owing to the softening caused by the increase of temperature in the localized region. Therefore, in this study, higher strength and good plastic deformation were obtained for the 1% Tacontaining alloy. It should be noted that both strength and plastic strain of Ti-Zr-Cu-Pd bulk metallic glasses could also be improved by a proper annealing treatment resulting in 20% nano-crystalline phase precipitation in a previous work. 13) On the other hand, although the dispersion of nanoparticles or dendrites is often beneficial to the improvement of ductility, an appropriate volume fraction of the enforcing phases is still very important in simultaneous achievement of good ductility and high strength. 7) As mentioned in experimental procedure, the sample dimensions are same, i.e., for each composition the cooling rate is same, so for the lower glass-forming alloy and higher Ta-containing alloy the cooling rate is not high enough to form a single glassy state. There is high volume fraction over 50% of quench-in Ti 3 Cu 4 crystalline phases in the 3% Ta-containing alloy. In addition to Ti 3 Cu 4 , Ta-enriched dendrites with large size of 10$30 mm are formed during copper mold casting of the 5% Ta-containing alloy. Partially crystallized glassy alloy up to 45% crystallization exhibited higher strength in Zr-Ti-Ni-Cu- Al bulk metallic glasses. 7) The amount of plastic deformation for the Zr-Ti-Ni-Cu-Al alloy decreased when the crystalline fraction was higher than 40%. In this case, a further increase of Ta content up to 3% and 5%, decreases the glass-forming ability, resulting in the crystallization fraction of 50% and 65%. So, the deformation is not dominated by the glassy matrix when the precipitation particles occupy a high volume fraction over 50%. Consequently the brittle morphologies were observed for the 3% and 5% Ta-containing alloys as shown in Fig. 6(c) and (d) .
Conclusions
Investigation on the influence of Ta addition on microstructure and mechanical property of Ti-Zr-Cu-Pd-Ta glassy alloys indicates that with increasing Ta content from 1% to 5%, the glass-forming ability decreases. The volume fraction of the crystalline phase increases dramatically from 5% to 65% as the Ta content increase from 1% to 5%. Higher strength and distinct plastic deformation comparing with TiZr-Cu-Pd base alloy are achieved for the 1% Ta-containing alloys. The nano-particles existing in the glassy matrix inhibit the deformation of shear bands. The dendrites enriched with Ta are also detected in the 5% Ta-containing alloy. No plastic deformation is observed for the 3% and 5% Ta-containing alloys with high volume fractions of crystallization over 50%. The Ti-Zr-Cu-Pd-Ta bulk metallic glass composite with high strength and distinct plastic strain is a promising biomaterial.
